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issue Characterization of
cute Myocardial Infarction and Myocarditis
y Cardiac Magnetic Resonance
atthias G. Friedrich, MD, FESC
algary, Alberta, Canada
lectrocardiograms, biomarkers, and ventricular function studies are diagnostic tools that are currently
sed to assess patients with acute myocardial disease. These tools are limited in their diagnostic accuracy
nd scope. Thus, for informed therapeutic decision making, tissue characterization may serve as a very
mportant source of information in these initially regional diseases. Cardiac magnetic resonance (CMR) is
ecoming an important tool for phenotyping cardiac patients in vivo. Recent advances of CMR hardware
nd software as well as protocols have allowed for accurately visualizing tissue changes in patients with
cutemyocardial diseases. This is of special interest for acutemyocardial infarction and acutemyocarditis,
ecause these entities may have a very similar clinical presentation and require immediate therapeutic
ecisionmaking. Several CMR approaches can be combined in a comprehensive CMR examination, which
rovides informationnot only on ventricular size,morphology, and function, but alsoon the stage, degree,
nd extent of reversible and irreversible myocardial injury. Streamlined protocols allow such a CMR
xamination to be a time- and cost-efficient diagnostic tool, even in patients with acute disease. Current
MR approaches for visualizing tissue pathology in vivo are reviewed, examples are presented, and the
otential role of CMR tissue characterization in patients with acute myocardial disease is discussed. The
pecific role of imaging the extent and regional distribution of myocardial edema and necrosis is
iscussed. (J AmColl Cardiol Img2008;1:652–62)© 2008by theAmericanCollege of Cardiology Foundationa
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cute Myocardial Disease
atients with acute heart disease require imme-
iate care. To make informed, timely therapeu-
ic decisions, physicians need fast, accurate, and
eliable diagnostic tools. This is especially true
or acute myocardial infarction and acute myo-
arditis, with their often dramatic and some-
imes apparently life-threatening clinical
resentation.
rom the Departments of Cardiac Sciences and Radiology, St
ardiovascular Institute of Alberta, University of Calgary, Calgaryanuscript received July 17, 2008; accepted July 21, 2008.In patients with a clinical history, symptoms,
nd physical findings that suggest acute myo-
ardial disease, a combination of ECG and
eromarkers such as troponins is used to deter-
ine acuity, extent, and location of the injury.
urrent diagnostic approaches, however, have
ignificant limitations. The diagnostic accuracy
f ECGs to detect myocardial ischemia often is
nadequately low, which may result in inappro-
riate treatment (1). Even in controlled trials,
ore than 4% of patients with acute coronary
nson Cardiovascular MR Centre at the Libin
berta, Canada.
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653yndrome may be discharged with missed acute
oronary syndrome or acute infarction (2). Echo-
ardiographic studies of left ventricular function are
elpful, but also have a moderate diagnostic accu-
acy (3) and often cannot distinguish between acute
nd chronic myocardial injury. Troponins accu-
ately identify acute myocardial injury. The sensi-
ivity of any seromarker, however, is limited during
he first hours of and late after the onset of the
njury. The diagnostic accuracy of these diagnostic
ools is even lower when applied to patients with
cute myocarditis (4).
Whereas the pathophysiological and patholog-
cal features of both acute diseases offer several
iagnostic targets (Table 1), each of these rou-
inely used diagnostic tools typically addresses
ust 1 aspect, providing limited information for
linical decision making. Given the primarily
egional nature of the acute injury, tissue abnor-
alities appear to be the prime candidate for
iagnosing acute myocardial disease and estimat-
ng its severity. Endomyocardial biopsy, though
he gold standard for tissue pathology, does not
ave a clinical role in acute myocardial infarction
nd clinical indications in acute myocarditis are
imited to patients with otherwise unexplained
eart failure (5). Therefore, at least in the acute
linical settings, in vivo imaging appears be the
ost promising approach to retrieve tissue-
elated diagnostic information.
maging Tissue Pathology
urrent clinical imaging modalities include echo-
ardiography, nuclear cardiology techniques (NCT),
omputed tomography (CT), and cardiac magnetic
esonance (CMR). Each of these modalities is
haracterized by specific strengths and weaknesses
Fig. 1), with Echocardiography being the most
ccessible, NCT being the most powerful on a
olecular level, and CT providing the most de-
ailed anatomical information. Although CMR ap-
ears to be a very versatile modality, its main
trength lies in its unique ability to directly visualize
issue characteristics. Unlike all other imaging tech-
iques, CMR uses a signal that is emitted by
olecules in the region of interest and that reflects
enuine physical (i.e., magnetic) properties. Thus,
he contrast-generating mechanism does not de-
end on reflection (echocardiography), transmis-
ion (CT), or radiation of injected radioactive trac-
rs (NCT). Instead, in MR images, molecular
roperties themselves determine the appearance ofhe tissue. Furthermore, a large variety of high-
requency pulse sequences (“sequences”) allow for
pecific signal intensity characteristics, which can be
sed to selectively visualize certain molecular envi-
onments. In so-called T1-weighted sequences, for
xample, water will appear with a very low signal
ntensity, whereas fat will appear brightly.
n contrast, so-called T2-weighted images
ill show water with high signal intensity.
he typical relative signal intensity of any
issue is predictable and any significant
bnormality may serve as a diagnostic
arker for, often disease-specific, tissue
hanges.
Thus, CMR has unique features, mak-
ng it the imaging tool of choice for in vivo
issue characterization for disease entities such as
Figure 1. Strengths of Currently Used Cardiac Imaging Tools
Diagnostic power of cardiac imaging techniques at different levels
physiology. CMR  cardiac magnetic resonance; CT  computed to
Table 1. Potential Diagnostic Targets in Acute MI and
Acute Myocarditis
Acute MI Acute Myocarditis
Coronary artery occlusion Presence of infective or
toxic agent
Hypoperfusion Hyperperfusion
Ischemia Direct/toxic cell injury
Breakdown of membrane
potential
Breakdown of membrane
potential
Dysfunction Dysfunction
Leakage of intracellular
components
Leakage of intracellular
components
Edema Edema
Necrosis Necrosis
MI  myocardial infarction.
A B B
A N D
CMR
reson
CT
NCT
technof patho-
mogra-phy; Echo  echocardiography; Nuclear  nuclear cardioloR E V I A T I O N S
A C R O N YM S
cardiac magnetic
ance
computed tomography
nuclear cardiologygy techniques.
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654yocarditis (6). Because CMR also allows the
ssessment of ventricular morphology, contractile
unction, and blood flow during the same session,
issue characteristics can be integrated into a com-
rehensive “all in one” imaging examination.
CMR of the heart is quite different from mag-
etic resonance imaging of other organs. CMR
equires a set of techniques to reduce or eliminate
rtifacts caused by blood flow, breathing and cardiac
otion, and conditions such as arrhythmia (e.g.,
trial fibrillation) or breathing during the image
cquisition may impair image quality. Significant
echnical advances, however, allow for a success rate
f clinical scans in almost 100% of patients. These
te, Nontransmural Infarction
lic (left) and systolic (right) frames in a short-axis view. (Lower
eft) and post-contrast T1-weighted (late enhancement) (right)
tion-related transmural edema but only subendocardial necrosis
Table 2. Appearance of Acute MIs in CMR Sequences Typically U
Acute MI, early reperfusion Transmural h
Acute MI, late reperfusion Transmural h
Acute MI, late reperfusion, no reﬂow Transmural h
with low S
Acute MI, not reperfused Transmural h
CMR  cardiac magnetic resonance; SI  signal intensity; other abbreviation amdvances include hardware components such as
igh-speed gradient systems, cardiac coils, and
mproved ECG triggering devices as well as soft-
are developments such as parallel data acquisition
nd ultrafast sequences. Currently, comprehensive
cans including assessment of left ventricular func-
ion and tissue characterization can be performed in
ar less than 30 min. This is often faster and cheaper
han using other combined approaches to achieve a
imilarly wide scope of diagnostic information that
ncludes tissue characterization.
MR Techniques to Assess Tissue Pathology
ypoperfusion (acute myocardial infarction). In pa-
ients, CMR perfusion studies with adenosine ac-
urately identify coronary artery stenosis (7) with an
utstanding negative predictive value (8,9). In a
rotocol combining adenosine with late enhance-
ent, Laissy et al. (10) have shown that CMR
iscriminates acute myocardial infarction from
cute myocarditis. The clinical role of perfusion
maging in acute myocardial disease, however, re-
ains to be defined.
dema. In myocardial edema, the predominant
agnetic properties of the affected tissue and thus
ts appearance in applied MR images differ from
hat of normal myocardium, because protons now
re more frequently bound to free water and have a
onger transversal relaxation time (T2). So-called
2-weighted sequences, that is, sequences specified
o retrieve most of the signal from tissue compo-
ents with a long T2, will display the edematous
rea with a higher signal intensity than it displays
he remote myocardium (with its still-normal pro-
on binding and hence normal T2). This principle is
sed in the entire body to visualize water or high
issue water content. This has been shown in acute
in a Comprehensive Examination
T1/Late Enhancement
SI Nontransmural high SI with broad
subendocardial base, area is
smaller than area with high SI
in T2 images
SI Largely transmural high SI
SI, small core
ay be seen
Largely transmural high SI, core
with low SI
SI Largely transmural high SI, extent
matches the area of high SI in
T2 images
Table 1.Figure 2. CMR of Acu
(Upper panels) Diasto
panels) T2-weighted (l
images showing infarcsed
T2
igh
igh
igh
I m
ighyocardial infarction (11).
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transmural ﬁbrosis (arrows) within the akinetic region (see Online Video 2).
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655Although T2-weighted CMR has been previ-
usly used to assess myocardial infarction, its clin-
cal use has been limited until recently by inconsis-
ent image quality. Because T2-weighted images
ave relatively low signal-to-noise ratios, they are
usceptible to motion artifacts and confounders
uch as repetition time between repeated data ac-
uisition, motion, and flow. In addition, other
issue components may affect signal intensity, and it
s important that hardware and software are opti-
ized for application in the heart. The use of a
ardiac coil provides a higher signal-to-noise ratio,
ut can be problematic, because inferolateral re-
ions may have a lower signal due to the longer
istance to the surface coil and thus should only be
sed if an efficient coil intensity correction algo-
ithm is implemented. Prescription of thicker slices
s helpful to increase the signal-to-noise ratio.
equences should have a repetition time of at least
R-R intervals to ensure adequate T2 weighting.
everal sequence types are available for T2-
eighted imaging of the heart. Whereas most
ublished data have been acquired using a flow- and
at-suppressed spin echocardiography sequence,
ewer protocols may offer a higher signal-to-noise
atio and a more consistent image quality (12,13).
Recently, methods have been developed to repro-
ucibly measure and map myocardial T2 times (14).
linical data using this promising technique, how-
ver, are not yet available. A detailed review of the
echniques and clinical role of T2-weighted CMR
an be found elsewhere (15).
yperemia (myocarditis). Any tissue inflammation
ith preserved vasculature is associated with an
ncreased regional blood flow and volume. In acute
yocarditis, this has been used as a diagnostic
riterion by using contrast-enhanced CMR images
btained early after administration of gadolinium
ith its initial vascular and brief interstitial steady
tate (16,17). In these “early enhancement” images,
nflamed regions appear with higher signal inten-
ity. Because cardiac output, renal clearance, arti-
acts, and internal signal post-processing may alter
bsolute signal intensity, published studies success-
ully used values normalized to skeletal muscle
16,18). In the case of suspected skeletal muscle
nvolvement, however, the contrast agent-induced
elative signal intensity increase was found to be
ore sensitive without normalization (17).
ecrosis. Acute, irreversible myocardial injury is
est visualized on T1-weighted images acquired late
i.e., at least 5 to 10 min) after the administration of
nterstitial contrast agents such as gadolinium-Figure 3. CMR of Ischemic Cardiomyopathy With Chronic, Transmural
Inferior Infarction
(Upper panels) Diastolic (left) and systolic (right) frames in a short axis view with akine-
sis of the inferoseptal and inferior segments. (Lower panels) T2-weighted (left) and
post-contrast T1-weighted (late enhancement) (right) images showing no edema, butFigure 4. CMR in a Patient With Acute Myocarditis
(Upper panels) Diastolic (left) and systolic (right) frames of a cine study showing peri-
cardial effusion (bright signal) and largely preserved systolic function. (Lower panels)
T2-weighted (left) and post-contrast T1-weighted (late enhancement) (right) images
showing lateral edema (arrows) and focal ﬁbrosis typical for the nonischemic injury pat-
tern of myocarditis (arrows) (see Online Video 3).
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infarct-related transmural edema with transmural necrosis of the same size (see Online Video 4).
Video 5).
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656iethylenetriaminepentaacetic acid. The delayed
ashout of these agents is specific to irreversibly
njured myocardium (19). Optimized sequence pa-
ameter settings allow for selective “nulling” of
ignal intensity of myocardium without significant
adolinium accumulation and thus for very sensitive
etection of necrotic tissue. This method, dubbed
late gadolinium enhancement,” is regarded as the
oninvasive gold standard for visualizing myocar-
ial infarctions in vivo (20,21). Its sensitivity is
utstanding and allows for detecting scars of less
han 1 g (22). Late gadolinium enhancement can be
sed to visualize acute and chronic infarctions;
owever, it does not allow for discriminating 1
nfarction type from the other (20).
o reﬂow. Late reperfusion of a large infarction is
ften associated with a phenomenon called “no re-
ow,” which is currently understood as a complex
eperfusion injury that results in an interruption of
lood flow to the infarction core despite normalized
lood flow in the epicardial portions of the coronary
rtery system (“microvascular obstruction”) (23). Cap-
llary injury, mechanical obstruction of capillaries, and
ntramyocardial hemorrhage have been observed as
athologic features associated with no reflow.
MRTissueCharacterization inMyocardial Infarction
he acute, typically thrombotic, occlusion of an epicar-
ial coronary artery and the subsequent regional ischemia
nitiate a cascade of regional events that sequentially affect
etabolism, function, and tissue composition. The acute
ack of oxygen in the perfusion bed (area at risk) initially
eads to a breakdown of membrane integrity, which—
ithin 15 min of no-flow ischemia—begets intracellular
odium accumulation with subsequent intracellular
dema (24,25). This is followed by leakage of osmotically
elevant components into the interstitial space resulting
n extracellular/interstitial edema. A wave of violent cell
eath (necrosis) spreads from the subendocardial layer of
he area at risk through the entire myocardial wall,
hich—if not revascularized spontaneously or by thera-
eutic intervention—eventually will be irreversibly in-
ured. Necrosis and accompanying inflammation are
ollowed by the fibrotic mesh of the scar, which remains
n place as the long-term sequela of the event.
The T2-weighted CMR visualizes acute reper-
used infarctions and allows for discriminating acute
rom chronic infarctions (26). It can also be used to
etermine the area at risk in reperfused and non-
eperfused infarctions. When T2-weighted CMR is
ombined with contrast-enhanced imaging of irre-
ersible injury (“late enhancement”), the salvagedFigure 5. CMR of Acute, Transmural Infarction
(Upper panels) Diastolic (left) and systolic (right) frames in a short-axis view. (Lower panels)
T2-weighted (left) and post-contrast T1-weighted (late enhancement) (right) images showingFigure 6. CMR of Acute, Transmural Infarction With No-Reﬂow in a Patient With
Reperfused Lateral Infarction, Who Presented Late After Onset of Symptoms
(Upper panels) Diastolic (left) and systolic (right) frames in a short-axis view showing pre-
served wall thickness of the lateral wall but regional akinesis of the anterolateral and infero-
lateral segments. (Lower panels) T2-weighted (left) and post-contrast T1-weighted (late
enhancement) (right) images showing infarction-related transmural edema and matching
necrosis in the dysfunctional segments. Both, T2-weighted and late enhancement images
show a core with reduced signal intensity reﬂecting no-reﬂow (arrowheads) (see Onlinerea at risk can be quantified and thus the success of
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657evascularization or adjunctive treatment on limit-
ng infarctions size can be assessed (27–29).
ppearance of acute infarctions. Table 2 summarizes
he appearance of acute infarctions in CMR se-
uences typically used as part of a comprehensive
MR examination.
Whereas necrosis may be almost prevented by
arly reperfusion, for example, by spontaneous re-
analization or immediate revascularization, myo-
ardial edema is an invariable feature of acute
nfarctions. Although the diagnostic utility of T2-
eighted imaging in assessing nonreperfused in-
arctions has not been tested yet, there are experi-
ental data indicating its clinical potential in this
etting (30).
The size of the edematous region reflects the
erfusion bed, which represents the area at risk
Figure 7. CMR of a Patient With Acute Myocarditis
(Left panel) Diastolic (upper) and systolic (lower) frames of a cine
breath-hold T1-weighted images acquired before (upper) and over
gadolinium uptake. The uptake ratio (early enhancement) was incre
sity of the anterior wall. (Right lower panel) Post-contrast T1-weigh
Table 3. Appearance of Acute Myocarditis and Sarcoidosis in CM
T2
Viral myocarditis Areas with high SI (mostly intramural
or subepicardial), global SI
typically increased*
Sever
vis
glo
Sarcoidosis Areas with high SI (mostly intramural
or subepicardial), global SI
typically increased*
Most
ma
Gd
*Normalized to skeletal muscle.
Gd  gadolinium; other abbreviations as in Table 2.lack of regional injury (see Online Video 6).27). Thus, in a clinical setting of reperfused myo-
ardial infarction, edema as defined by high T2
ignal intensity is transmural, even if the acute
rreversible injury (i.e., the necrosis) is not (Fig. 2)
26,29).
In contrast to acute infarctions, T2 is abnormally
hort in fibrotic tissue (31). Therefore, in T2-
eighted images, fibrotic scars–in the absence of
nflammation or other acute pathology—typically
ave a lower signal intensity than normal myocar-
ium does (Fig. 3), and the lack of high signal
ntensity differentiates acute from chronic myocar-
ial infarction (26).
There is a lack of systematic data on the appear-
nce of no reflow areas in T2-weighted images. In
ost of the cases, however, this region will appear
s an intramural area of low signal intensity, which
y showing hyperdynamic systolic function. (Middle panel) Non-
ﬁrst minutes after gadolinium indicating signiﬁcant myocardial
. (Right upper panel) T2-weighted image with high signal inten-
(late enhancement) image showing possible diffuse necrosis but
equences Typically Used in a Comprehensive Examination
arly Enhancement T1/Late Enhancement
reas with high SI may be
apparent, post-Gd
SI typically increased*
Areas with high SI, mostly intramural
or subepicardial; rarely involving
the subendocardium
gular areas with high SI
visually apparent, post-
bal SI typically increased*
Focal, often transmural areas with
high SI may be seen, no broad
subendocardial basestud
the
ased
tedR S
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658s embedded in a high signal intensity rim of edema
Fig. 4).
Late enhancement images show necrotic myocar-
ium as a region of very bright signal intensity
Figs. 2 to 5). In reperfused infarctions, the suben-
Figure 8. CMR of a Patient With Acute Myocarditis and Chronic
(Left panel) Diastolic (upper) and systolic (lower) frames of a cine study s
Non-breath-hold T1-weighted images acquired before (upper) and over th
uptake. The uptake ratio (early enhancement) was increased. (Right uppe
(Right lower panel) Post-contrast T1-weighted (late enhancement) image
(see Online Video 7).
Figure 9. CMR of a Patient With Remote Myocarditis
This CMR image of a patient with remote myocarditis shows chronic
multifocal, partially subendocardial scarring in a T1-weighted (latei
enhancement) image.ocardial portion is usually broader than the sub-
picardial portion. This reflects the termination of
he wave front-like expansion of the injury, which
pans across the perfusion bed starting in the
ubendocardium, which is more susceptible to isch-
mia. In nonreperfusion infarctions, especially those
aused by proximal coronary lesions, necrosis most
ften is transmural (Figs. 3 to 5).
It is important to emphasize that wall thickness is
reserved in acute infarctions. In fact, injury-related
dema leads to regional swelling (i.e., an increased
all thickness of the infarcted segments) (Figs. 2
nd 5).
Because blood flow is interrupted in areas with
o reflow, interstitial compounds such as gadolin-
um can enter only through inward diffusion from
he peripheral border of the no-reflow zone. If this
egion is sufficiently large and thus a long time is
eeded for gadolinium to diffuse into its center, the
atter will not appear enhanced during the first
inutes after administration (Fig. 6). This should
ot be confused with viable myocardium.
MR Tissue Characterization in Myocarditis
iral agents or other triggers, such as toxins
rring
ing grossly systolic function with mild septal hypokinesis. (Middle panel)
st minutes after gadolinium indicating signiﬁcant myocardial gadolinium
el) T2-weighted image with high signal intensity of the septum (arrow).
ing a focal scar in the lateral wall but no necrosis in the septal regionSca
how
e ﬁr
r pan
shownitiating inflammation, will cause cell injury
w
m
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659ith edema, necrosis, and, if sufficiently large,
acroscopic scarring. Although these basic tissue
Figure 10. CMR of an Elderly Patient With Acute Anterior Infarc
(A) The CMR images taken at admission of an elderly woman wh
of relevant coronary artery stenosis. (Left panel) Diastolic (uppe
typical extensive mid-ventricular and apical dyskinesia (“ballooni
intraventricular high signal intensity due to slow ﬂowing blood a
apical myocardium, presumably reﬂecting myocardial edema. (Ri
subendocardial high signal intensity but some diffuse late enhan
patient was acute stress-induced cardiomyopathy (see Online Vid
panel) Diastolic (upper) and systolic (lower) frames of a breath-h
upper panel) T2-weighted image showing homogeneous signal
showing persisting diffuse late enhancement of the dysfunctionaesponses show similarities to ischemic injury, its ivolution and spatial distribution are substan-
ially different from infarctions. Whereas acute
and Invasive Exclusion of Relevant Coronary Artery Stenosis
resented with acute anterior infarction and invasive exclusion
d systolic (lower) frames of a breath-hold cine study, showing
. (Right upper panel) T2-weighted image showing diffuse
ell as an increased signal intensity of the mid-ventricular and
lower panel) Late gadolinium enhancement study showing no
ent of the dysfunctional segments. The ﬁnal diagnosis in this
8). (B) Follow-up study of the same patient after 4 weeks. (Left
cine study, showing normalization of systolic function. (Right
sity. (Right lower panel) Late gadolinium enhancement study
gments (see Online Video 9).tion
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660ion, tissue inflammation is usually associated
ith peripheral vasodilation and thus increased
lood volume in the affected region. Further-
ore, instead of an outward wave front of revers-
ble and irreversible damage, spreading of myo-
ardial inflammation shows a disseminated, focal
r global myocardial involvement. Thus, in con-
rast to acute infarctions, the injury—with few
xceptions—does not show the pattern of infarc-
ions, which again are characterized by predomi-
antly subendocardial or transmural involvement.
The CMR techniques used to visualize tissue
athology of myocarditis are very similar to those
or imaging infarctions.
ppearance of acute myocarditis. The regional dis-
ribution of inflammation-induced tissue character-
stics is distinct from that of acute myocardial
nfarction (Table 3). Edema, as defined by high
ignal intensity in T2-weighted images, may be
bsent in very early stages of myocarditis (32),
ut—if present—it is easily identified in subepicardial
r intramural layers of the myocardium (Figs. 4 to 8).
lobal involvement of the heart can be detected by
uantifying the signal intensity ratio between the
yocardium and skeletal muscles (18,33).
In early enhancement images, the myocardium
ypically reveals a focal and/or global signal in-
ensity increase (Figs. 7 and 8). The normalized
nhancement ratio (compared with that for skel-
tal muscle) is increased. Early enhancement
mage quality depends on scanner settings and
he patient’s breathing pattern.
Table 4. Clinical Scenarios for CMR Tissue Characterization
Acute chest pain  Recent or current viral disease,
low risk of coronary artery
disease
Absence of both, ST-segment
elevation and seromarker
elevation
Angiographic exclusion of
relevant coronary artery
stenosis
Persisting ST-segment
elevation, absence of
seromarker elevation
Presentation more than 8 h
after onset of infarction-
typical symptoms
Acute or
worsened
heart failure
 Absence of both, ST-segment
elevation and marked
seromarker elevation
Atypical or mild
symptoms
such as
pleuritic pain
 Nonspeciﬁc ECG abnormalities
or mild seromarker
elevationmAbbreviation as in Table 2.Late enhancement images in patients with acute
yocarditis often show multifocal areas with high
ignal intensity in predominantly intramural or sub-
picardial regions (Figs. 4, 8, and 9). Although a
ecent study linked subendocardial scars to
yocarditis-induced coronary spasm induced by par-
ovirus B-19 (34), the injury pattern found in myo-
arditis does not predominantly involve the subendo-
ardial layer. Interestingly, the inferolateral wall
ppears to be affected most often (16,35). There is
reliminary evidence that the regional distribution
ay also depend on the viral species, with parvovirus
-19 predominantly affecting the inferolateral wall
nd the herpes virus preferring the septum (36).
urther studies are needed to confirm these findings
nd better understand their clinical implications.
Combined CMR protocols assessing accompa-
ying pericardial effusion and ventricular func-
ion in addition to tissue markers for inflamma-
ion and irreversible injury have been found to
ave the highest diagnostic accuracy in myocar-
itis (18,33).
linical Scenarios for Tissue Characterization
atients with a high clinical suspicion of acute
nfarction (i.e., high risk profile, diagnostic ECG
hanges with positive biomarkers) need no fur-
her diagnostic workup as this would only delay
ppropriate revascularization. If, however, the
story does not fit,” for example, because the
atient is very young or coronary artery stenosis
as been ruled out, tissue characterization adds
mportant additional information. Myocarditis is
he most frequent diagnosis in patients present-
ng clinically acute infarctions but with normal
oronary arteries on angiograms (37). Myocardi-
is can be reliably detected in such patients by
MR tissue characterization (38).
An important differential diagnosis in patients
resenting with acute chest pain, functional ab-
ormality, ECG changes, and positive sero-
Table 5. Current Limitations of CMR Tissue Characterization
in Acute Heart Disease
Lack of widely used standardized scanner protocols
Availability of CMR-capable MRI systems
Lack of experienced CMR imagers/readers
Limited speciﬁcity regarding virus presence and species
Contraindications to MRI (implanted devices, orthopnea,
unstable hemodynamics)
MRI  magnetic resonance imaging; other abbreviation as in Table 2.arkers is stress-induced cardiomyopathy (takot-
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661ubo). The CMR tissue characterization has been
hown to be very useful for verifying the disease
sing tissue characterization. Mid and apical
yskinesis in combination with edema and a lack
f infarction-like subendocardial necrosis allow
or establishing this diagnosis (39,40). Diffuse,
potty regions of high signal intensity, however,
ay be observed (Fig. 10). Because scars shrink
ver time, these findings may be reversible
hrough follow-up.
Table 4 lists several clinical scenarios of acute
eart disease in which CMR tissue characteriza-
ion can provide important information upon
hich to base further therapeutic decisions. Tis-
ue characterization using late enhancement is
onsidered highly appropriate for the evaluation
f infarction and myocarditis (41) and standard
rotocols have been recently proposed (42).
imitations of CMR Tissue Characterization
able 5 lists current limitations of CMR tissue char-Cardiology, Heart Failure Society of perfusion and dobuost significant limitation may be with logistics of
atient transport, setup, and uninterrupted cardiac
onitoring during transportation.
onclusions
yocardial tissue characterization provides very
mportant additional information in many patients
ith acute myocardial disease. Although further
tandardization and streamlining of protocols are
equired, CMR has unique features, making it the
iagnostic tool of choice for this purpose, particu-
arly when applied as part of a single, fast and
fficient scan of morphology, function, and tissue
athology.
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